Thyroid and adrenal gland activity were evaluated together with liver lipogenic activity in rats fed diets containing different fats. After one-week of a fat-free regimen, male Wistar rats weighing 100-120 g (at the beginning of the experiment) were divided into four groups fed diets with different fats: L -lard, S -sunflower oil, P -palm oil, R -rape seed oil. The activity of thyroid peroxidase (TPO), the key enzyme in thyroid hormone biosynthesis, corticosterone (Cs) concentration in plasma, the adrenal glands, aorta, and heart, plasma total cholesterol concentration and glucoses-phosphate dehydrogenase (G-6-PD) activity in the liver, as an index of lipogenic activity, were determined after fat-free feeding and after one and three weeks of fat-supplying diets. TPO activity increased after one week on fat-containing diets fed to groups S and P; after three weeks it was higher than after the fat-free period in groups P, S and L and directly related to palmitic acid intake and plasma total cholesterol concentration. Various patterns of changes in Cs concentration in plasma and tissues were observed suggesting an influence of dietary fat composition on hormone distribution. After three weeks of feeding fat, Cs concentration in plasma was lower than after the fat-free 4 Corresponding author
INTRODUCTION
The role of the thyroid and adrenal glands in regulating energy balance implies a dependence of their activity on the amount and composition of consumed food. Dietary fat composition has been shown to affect triiodothyronine (T 3 ) (Takeda et al., 1994) and thyroxine (T 4 ) ) plasma concentrations. Experiments performed in vitro and with infusions of free fatty acids (FFA) have demonstrated that FFA compete with thyroid hormone in binding to plasma transport proteins and nuclear receptors and decrease circulating TSH secretion depending on their chain length and saturation (van der Klis, 1991; Lim et al., 1995) . The effect of different fatty acids on glucocorticoid secretion is not quite clear. In experiments in vitro, steroidogenesis in cultured rat adrenocortical cells was found to be stimulated by pathological concentrations of oleic and linoleic acids and unaffected by stearic and caprylic acids (Sarel and Widmaier, 1995) . In in vivo studies, however, corticosterone plasma concentration was demonstrated to be independent of the type of dietary fat (Kamara et al., 1998) .
Due to the stimulating effect of the thyroid on mitochondrial biogenesis and respiration rate (Freake et al., 1989) , Na, K-ATP-ase activity (Lin, 1979) , lipolysis (Freake et al., 1989) and synthesis of termogenin (Bianco et al., 1988) as well as cholesterol 7a-hydroxylase (Ness and Lopez, 1995) and low-density lipoprotein receptors (Abrams and Grundy, 1981) , decreases in thyroid activity evoked by dietary fat can lead to the development of obesity and circulatory diseases. Dietary fat may provoke the same effects by increasing adrenal cortex activity, taking into consideration its atherogenic and lipogenic influences (Bray et al., 1990; Dallman et al., 1993; Garrel, 1997) . Knowledge of the effects exerted by different dietary fats on thyroid activity and glucocorticoid secretion seems to be important in respect to prevention of circulatory diseases and obesity.
The present study was designed to assess the effects of feeding commercially available dietary fats on thyroid and adrenal cortex activity together with plasma cholesterol concentration and intensity of fatty acid synthesis in the liver. Endocrine activity was assessed by determining thyroid peroxidase (TPO), a key, membrane-bound enzyme in thyroid hormone biosynthesis that catalyzes oxidation of iodide, the iodination of thyrosyl residues in thyroglobulin and their coupling (Nunez, 1980) , as well as the concentration of corticosterone (Cs) in blood plasma, adrenal glands, the aorta and heart. The intensity of lipogenesis in the liver was measured by glucose-6-phosphate dehydrogenase (G-6-PD) activity, a key regulatory enzyme of the pentose phosphate pathway yielding NADPH for fatty acid biosynthesis.
MATERIAL AND METHODS

Experimental design
Male Wistar rats (n=71) weighing 100-120 g at the beginning of the experiment were housed in standard environmental conditions. The rats were allowed free access to water and diets. During the week of the standardization, they received standard rodent feed, then they were given a fat-free diet during the following week. Afterwards, the rats were divided into four groups fed diets with different fats: lard (L), sunflower oil (S), palm oil (P) and rape seed oil (R) during the subsequent three weeks. Diet compositions are given in Table 1 . Fatty acid intakes were calculated from data given for palm oil by Ariffin et al. (1994) and for the other fats by Los-Kuczera and Piekarska (1988) . Body mass and food intakes were measured every three days.
Some of the rats were sacrificed after one week of the fat-free diet (n ~ 8) and after one week (n = 6) and three weeks (n = 10 for S, L and P; n = 9 for R) of consuming diets containing fat. They were anaesthetized with diethyl ether and blood was taken by cardiac puncture. Then the thyroid and adrenal glands, heart and aorta were weighed and immediately frozen in liquid nitrogen and stored at -80°C until examination.
Analyses
Chemicals were purchased from Sigma Chemical Co. (St. Louis, MO). Thyroid peroxidase activity was determined in the thyroid microsomal fraction prepared as described previously (Rosolowska-Huszcz, 1998) . Briefly: thyroids were thawed, washed in physiological saline and homogenized in 1.1% KC1 in a motor-driven Potter Elvehjem homogenizer for 1 min and centrifuged (15 min x 1500 g). The pellet was discarded and the supernatant was centrifuged (1 h x 105000 g). The pellet was suspended in 200 |Lil 20 mM phosphate buffer pH 7.4 with 10 JLLI 0.1% Triton x 100. TPO activity was measured by iodide oxidation assay (14). The reaction mixture contained 50 mM phosphate buffer pH 7.4, 0.135 mM H 2 0 2 , 13 mM KI and about 50 |LLg of cytosolic protein. Iodide oxidation was followed at 350 nm for 2 min at 5-s intervals at room temperature. The amount of enzyme that gave a change of 0.001 absorbance per second was defined as 1 unit. Protein concentration was determined by the method of Lowry et al. (1951) . Glucose-6-phosphate dehydrogenase activity was estimated in the liver cytosolic fraction with a slight modification of the procedure described by Lee (1982) . The assay was carried out by measuring the formation of NADPH at 25°C for 5 min at 15-s intervals at 340 nm. The reaction mixture consisted of 50 mM TRIS buffer, pH 7.6 containing 6 \xM EDTA, 4.2 mM glucose-6-phosphate, 1 mM NADP and about 100 |Lig of cytosolic protein. G-6-PD activity was expressed as optical density change per min per mg protein. The protein concentration was measured by the method of Lowry et al. (1951) .
Plasma total cholesterol concentration was estimated by the method of Watson (Mangold andBezzegh, 1974) .
Adrenals, heart and aorta for estimation of Cs concentration were thawed, homogenized by powdering in liquid nitrogen and suspended in 5 mM phosphate buffer pH 7.4 with 0.1 % gelatin. Homogenates were centrifuged for 60 min at 105000 g. One milliliter of soluble fractions of all tissues was double extracted with diethyl ether. Percent recoveries after extraction for adrenals, heart and aorta were 67, 58-83 and 56-78%, respectively. Corticosterone was measured by radioimmunoassay in tissue cytosol fraction extracts or directly without extraction in plasma according to the technique described by Stupnicki (1985) . Plasma Cs binding globulin (transcortin) was inactivated by heating of samples at 80°C for 20 min. Highly specific anti-Cs antibodies (cross reactions with Cortisol, dexamethasone, cortisone and hydroxyprogesterone were 12, 8,3 and 2%), respectively) were kindly obtained from The Kielanowski Institute of Animal Physiology and Nutrition, Polish Academy of Sciences, Jablonna. The assay sensitivity and the intraand interassay coefficient of variation were 10.0 pg/ml, 3.2 and 4.5% for tissue cytosol extracts and 12.5 pg/ml, 5.4 and 7.6% for blood plasma.
Corticosterone concentration was expressed as pg/mg of cytosol protein. Total cytosol protein concentration was determined by the method of Lowry et al. (1951) using crystalline bovine serum albumin as a standard.
Statistical analysis
The data concerning body mass gain and food intake were analyzed by oneway analysis of variance (ANOVA) followed by Student's t -test, the other differences between means were tested for significance using Student's t-test. A difference between the two means was considered statistically significant when P was <0.05.
The computations were performed by the use of Statgraphics Plus Version 4.1.
RESULTS
Body mass gain (g/day) did not differ significantly between groups receiving different dietary fats, both after one and three weeks of the fat-containing diet. However, significant differences appeared between body mass gain during the fat-free regimen and one and three weeks of diets containing fat (ANOVA, effect of treatment: P=0) as well as between one and three weeks of feeding fat in all dietary groups (Table 2) . Food intake, g/g body weight gain, was significantly higher during the fat-free diet than during the fat-containing diet (ANOVA, P=0); it did not differ among groups fed different dietary fats both during the first and the next two weeks of fat supply. Within dietary groups, food intake was not statistically different in the first and subsequent two weeks of diets containing fats, except group R where significantly lower food intake was observed during the first week (P<0.05; Table 2 ). Fatty acid intakes were highly differentiated between dietary groups (Table 3) . Thyroid peroxidase activity ( Figure 1 ) was lowest after the fat-free diet regimen. After one week of fat feeding, TPO activity increased significantly in groups S (P<0.0004) and P (P<0.006) reaching a level significantly higher than in group L (P<0.0005 and PO.008, respectively). In group L, a significant increase in TPO activity (P<0.05) was not observed until after 3 weeks of fat consumption, while in group R, TPO activity did not change significantly during the entire period of feeding fat as compared with the fat-free regimen. After three weeks of feeding diets containing fats, TPO activity was higher in group P than in groups L (P<0.02) and R (PO.003). Thyroid peroxidase activity was directly related to palmitic acid intake (r=0.49; PO.0001) and plasma total cholesterol concentration (r=0.34; PO.01).
Corticosterone concentrations in blood plasma, adrenals and aorta decreased significantly in some groups after introducing diets containing fat as compared with the fat-free diet period: in blood plasma in group L (PO.02), P and R (PO.04); in the adrenals in group S (PO.04), P (PO.03) and R (PO.05), and in the aorta in group R (PO.03). The plasma Cs concentration was significantly higher in group S than in other groups (with group P PO.002; with R PO.001; with L PO.0005). In the adrenals it did not differ between groups; in the aorta the Cs concentration was lower in group R than in the remaining groups (P<0.05 in all cases) (Figure 2 ). After two subsequent weeks of feeding diets with fat, a further decrease in plasma Cs concentration appeared in group S (PO.01) and an increase in group L (PO.002), as compared with values observed after one week of feeding fat, reaching levels that were not statistically different among groups and significantly lower than after the fat-free period (in all groups PO.001). In the adrenals, the Cs concentration increased in groups P and R (PO.01 and PO.02, respectively) and was lower in group S than in groups P and R (PO.01 in both cases). Only in group S did the Cs concentration in the adrenals remain significantly lower than after the fat-free regimen (PO.001). In the aorta in groups S and L, the B level became 
-
Groups Figure 1 . Thyroid peroxidase activity in thyroid microsomal fraction of rats after 1 week of fat-free regimen (BT) and after feeding diets with different fats during subsequent one week (sunflower oil fed -SI; palm oil -PI; rape seed oil -Rl and lard -LI) and three weeks (sunflower oil fed -S3; palm oil -P3; rape seed oil -R3; lard -L3). For statistical significance see text. Values are expressed as means with SE significantly lower than after the fat-free regimen (in group S P<0.05; in group L PO.01). An elevation in the Cs concentration, as compared with the one-week period of feeding fat appeared in group R (PO.05) and the Cs concentration became higher in group R than in L (PO.01, Figure 2 ). The cardiac Cs concentration was lowest after the fat-free diet regimen. After one week of feeding diets containing fat, the concentration of this hormone increased significantly in groups S (PO.03) and R (PO.05) as compared with values observed after the fat-free regimen and was lower in group P than in group S (PO.01) and R (PO.001). A significant increase in cardiac Cs concentration, as compared with the fat-free diet period occurred in groups L and P after three weeks of fat supply (PO.001 and 0.01, respectively). After three weeks of feeding fat, the Cs concentration was higher than after one week in groups S (PO.003), L (PO.02) and P (PO.007) and lower in groups P and R than in group S (PO.05 and PO.01, respectively) and L (PO.05 in both cases) (Figure 2 ). Adrenal Cs concentration was directly related to total fat consumption (r=0.37; PO.006) and oleic acid intake (r=0.39; PO.04); cardiac Cs concentration was positively correlated with total fat consumption (r=0.59; PO.0001) and negatively with palmitic
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Figure 2. Corticosterone concentrations in blood plasma (A) and cytosol fractions of adrenals (B), aorta (C) and heart (D) in rats after 1 week of fat-free diet feeding and after one and three weeks of diets with different fat supply. Explanations as for the Figure 1 acid intake (r=-0.37; P<0.05); plasma Cs concentration was inversely related to oleic acid intake (r=-0.57; PO.001). Glucose-6-phosphate dehydrogenase activity in the liver decreased after introducing diets containing fat in all dietary groups as compared with the fat-free period (in group S -PO; in group L -PO.0003; in group P -PO.001; in group R -PO). In groups S and R G-6-PD activity was lower than in groups L (PO.01) and P (PO.004). After two subsequent weeks of feeding diets containing fats, a further decrease in G-6-PD activity occurred in groups S and P (PO.002 and PO.04, respectively, compared with values after one week of feeding diets with fats) (Figure 3 ). Glucose-6-phosphate dehydrogenase activity in the liver negatively correlated with total fat consumption (r=-0.72; P=0) and oleic acid (r=-0.41; PO.0004) and linoleic acid (r=-0.54; PO) intakes, as well as total cholesterol plasma concentration (r=-0.41; PO.0005) and positively with plasma (r=0.31; PO.05) and adrenal corticosterone concentration (r=0.33; PO.04). After analyzing data concerning only rats fed diets with fats, G-6-PD activity was directly related to oleinic (rO.49; PO.03), palmitic (r=0.81; PO) and stearic (rO.49; PO.03) acid intakes, inversely with linoleic (r=-0.66; PO.0002) and linolenic (r=-0.61; PO.005) acid intakes.
The plasma total cholesterol concentration increased after one week of diets containing fats in all groups (PO) and was higher in group P than in group S (PO.01), L (PO.0002) and R (PO.008). In group L, the plasma total cholesterol concentration was lower than in group S (PO.0004) and R (PO.04). After two subsequent weeks of fat feeding, plasma total cholesterol did not change significantly in any dietary group (Figure 3) .
DISSCUSSION
This study has demonstrated that dietary fat composition may affect thyroid hormone synthesis, lipogenic activity in the liver and corticosterone level in plasma and some tissues without influencing body weight gain. Similarly, a lack of effect of type of dietary fat on body weight gain despite changes in plasma T 3 concentration was found in rats fed lard, safflower and linseed oils for 12 weeks (Takeuchi et al., 1995) , however, in another experiment where the T 4 plasma level was differentiated by dietary fat composition, a lower body weight was found in rats fed beef tallow than in rats fed prime rib and safflower oil for a period of 5 weeks although a relationship between body weight gain and T 4 plasma concentration was not found.
To our knowledge, this is the first time that thyroid peroxidase activity has been shown depend on type of dietary fat. The lower TPO activity in rats fed lard is consistent with the lower plasma thyroid hormone level found by others in rats fed
Groups Groups Figure 3 . Glucose-6-phosphate dehydrogenase activity in liver cytosolic fraction (A) and plasma total cholesterol concentration (B) in rats after period of fat-free diet feeding and after one and three weeks of diets with different fat supply. Explanations as for the Figure 1 this fat as compared with safflower oil and linseed oil (Tekeuchi et al., 1995) . This could suggest a stimulating effect of polyunsaturated fatty acids on thyroid gland activity. TPO activity was, however, directly related to palmitic acid intake and plasma cholesterol concentration and reached the highest value in rats receiving the diet with palm oil, known to be rich in saturated fatty acids. Moreover, palm oil has been shown to contain a high level of carotenoids that are precursors of retinoic acid found to inhibit TPO gene expression (Arai et al., 1991; Namba et al., 1993) . Therefore, it could be supposed that lower membrane fluidity connected with more saturated fat consumption promotes higher activity of membrane-bound TPO. The high plasma cholesterol concentration in rats fed palm oil could be related to its higher content in membrane phospholipids, which was shown to increase cellular uptake of thyroid hormone (Chehin et al., 1995) . Higher uptake of thyroid hormones could decrease their level in the circulation and have an inhibitory influence on TRH and TSH secretion leading to greater stimulation of thyroid activity. Taking into consideration stimulation of cholesterol receptor synthesis by thyroid hormone, such effects could be treated as a regulatory loop protecting against undesirable increases in plasma cholesterol levels. Corticosterone concentrations in plasma and tissues studied were affected by experimental conditions in different ways, suggesting their influence on alterations in hormone distribution. It should be mentioned that in our experiment, we observed combined effects of Cs synthesis and release rates in adrenals, release and tissue uptake in plasma, and uptake, synthesis (Silvestre et al, 1998; Tekeda et al, 1994) and metabolic rates both in the aorta and heart. Various patterns of changes in Cs concentration during transition from the fat-free regimen to diets containing fat were observed in rats receiving different dietary fats. Drops in Cs concentration observed in plasma and adrenals in groups P and R after one week of feeding fat were accompanied by a decrease in aorta-and increase in cardiac corticosterone in group R but not P, where no changes were observed in either the heart or aorta. In group S, a decrease in adrenals, lack of changes in plasma and aorta and increase in heart concentration, and, finally, in group L, the Cs concentration remained unchanged in the adrenals, aorta and heart and declined in plasma. The Cs level found in plasma after introduction of fat was lower than normal values observed in plasma of rats of the same age and strain (Laborie et al., 1995; Leal and Moreira, 1996) . Despite the increase in Cs concentration observed in adrenals in groups P and R after two subsequent weeks of feeding fat, the level occurring in plasma remained low, moreover, the differences observed earlier between groups disappeared. This suggests high tissue uptake of Cs after a period of fat deprivation. After three weeks of fat supply, the effect of dietary fat composition on Cs concentration in tissues persisted. Surprisingly, eating rape seed and palm oil seemed to promote lower Cs concentrations in the heart than consumption of sunflower and lard. However, the opposite took place in the aorta. These results are difficult to explain with respect to different fatty acid compositions of these pairs of fats; the only similarity between palm and rape seed oils exists in the oleic acid level. It should be mentioned that dietary oleic acid was found to increase the glucocorticoid-producing rate in cultured rat adrenocortical cells (Sarel and Widmaier, 1995) .
The lack of changes or decrease in Cs concentration observed in plasma and all tissues except the heart after introducing diets containing fats are rather surprising taking into account data indicating an increase in adrenal cortex activity accompanying a rise in dietary fat content from 4 to 20% of diet (w/w) (Tannenbaum et al., 1997) and from 12.3 to 54% cal from fat independent of the kind of fat (Kamara et al., 1998) , or in response to Intralipid infusion (Widmaier et al., 1992) . However, other studies show lower plasma Cs concentrations in rats fed a diet with 30% fat than containing 10% fat (w/w) but no differences between rats consuming diets with 30 and 60% fat (Leibowitz et al., 1998) or lower plasma Cs concentration in rats receiving 40 than 7% (w/w) fat in diets (Boivin and Deshaies, 1995) . It should be noted that after three weeks of fat supply, the Cs concentration in adrenals reached a level that was not significantly different from that observed on a fat-free regimen in all groups except the one fed sunflower oil.
As expected, the highest G-6-PD activity was noted on the fat-free diet and its drop after the introduction of fat-containing diets depended on dietary fat composition. The decrease in G-6-PD activity was more profound in rats consuming sun-flower and rape seed oils; this was directly related to monounsaturated and saturated acid intake and inversely to polyunsaturated acid intake according to data showing the inhibition of G-6-PD synthesis by polyunsaturated fatty acids (Clarke et al., 1976) . Surprisingly, comparison of TPO and G-6-PD activity clearly indicates that these enzymes are differently influenced by dietary fat, although triiodothyronine has been shown to stimulate G-6-PD activity (Roncari and Murthy, 1975; Miksicek and Towle, 1982) . Contrary to this, the stimulatory effect of glucocorticoids on G-6-PD activity (Berdanier, 1989) could be reflected by direct relation of G-6-PD activity and level of Cs in plasma and the adrenals, but not in the heart and aorta, found in our work. However, while both G-6-PD activity and plasma Cs concentration were higher after the fat-free regimen than during feeding diets containing fat, plasma Cs concentrations, in contrast with G-6-PD activity, were independent of dietary fat composition.
In our experiment, the plasma cholesterol concentration was highest in rats receiving the palm oil diet and, surprisingly, lower in rats fed the diet with lard than sunflower and rape seed oil diets. It could be supposed that the effect of feeding palm oil on plasma cholesterol could be due to the high level of palmitic acid known to increase plasma cholesterol (Ghadack et al., 1992) . The low level of cholesterol in rats receiving lard may be the result of body cholesterol homeostasis regulation leading to plasma cholesterol being not higher than in rats fed vegetable, cholesterol-free, oils (Jacobson et al., 1974) .
In conclusion, it can be stated that by differently affecting the thyroid, adrenal glands and hepatic lipogenic activity, dietary fat composition may change the relations among them.
STRESZCZENIE
Wplyw sktadu tluszczowego diety na aktywnosc peroksydazy tarczycowej, 6-fosfo-gluko-dehydrogenazy wqtrobowej i st^zenia kortykosteronu w osoczu i tkankach szczurow U szczurow zywionych dietami zawierajacymi rozne rodzaje tluszczu badano aktywnosc tarczycy i kory nadnerczy oraz aktywnosc lipogeniczna^ wa^troby.
Szczury samce rasy Wistar o cie^zarze ciala 100-120 g, po tygodniowej diecie beztluszczowej (BT), podzielono na 4 grupy, z ktorych kazda otrzymywala diety zawierajace inny rodzaj tluszczu: grupa L -ze smalcem, S -z olejem slonecznikowym, P -z olejem palmowym i R -z olejem rzepakowym. Udzial tluszczu we wszystkich grupach byl taki sam i wynosil wagowo 10%. Po tygodniu karmienia dieta. bezthiszczowa^ oraz po 1 i 3 tygodniach zywienia dietami zawierajacymi tluszcz oznaczano aktywnosc tarczycowej peroksydazy jodujacej (TPO), st^zenie kortykosteronu (Cs) w osoczu oraz we frakcji cytosolowej nadnerczy, sciany aorty i serca, st^zenie calkowitego cholesterolu w osoczu i aktywnosc dehydrogenazy glukozo-6-fosforanu (G-6-PD), be^da^cej miara. aktywnosci lipogenicznej wa^troby.
Aktywnosc TPO wzrosla po 1 tygodniu stosowania diet zawierajaxych tluszcz w grupach S i P, po 3 tygodniach byla wyzsza w grupach P, S i L niz na diecie BT. Byla ona rowniez dodatnio skorelowana ze spozyciem kwasu palmitynowego oraz stQzeniem calkowitego cholesterolu w osoczu. StQzenie Cs w osoczu, w porownaniu z dieta^ BT, po 3 tygodniach zywienia dietami tluszczowymi, bylo nizsze niezaleznie od ich rodzaju, natomiast w cytosolach tkanek bylo wyzsze niz na diecie BT i zalezalo od rodzaju podawanego tluszczu: w nadnerczach w grupie P i R, w aorcie w grupie R, a w sercu w grupie L i S. Nizsze w stosunku do diety BT stQzenie Cs stwierdzono w grupie S (aorta i nadnercza) oraz w grupie L (serce). Aktywnosc G-6-PD w wafrobie zmalala po wprowadzeniu diet zawierajaxych tluszcz zaleznie od rodzaju tluszczu i byla nizsza w grupie S i R w porownaniu z grupa. Li P.
